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Abstract 

The LOX/methane propellant combination is being considered for the Lunar Surface Access Module 
ascent main engine propulsion system. The proposed switch from the hypergolic propellants used in the 
Apollo lunar ascent engine to LOX/methane propellants requires the development of igniters capable of 
highly reliable performance in a lunar surface environment. An ignition test program was conducted that 
used an in-house designed LOX/methane spark torch igniter. The testing occurred in Cell 21 of the 
Research Combustion Laboratory to utilize its altitude capability to simulate a space vacuum 
environment. Approximately 750 ignition test were performed to evaluate the effects of methane purity, 
igniter body temperature, spark energy level and frequency, mixture ratio, flowrate, and igniter geometry 
on the ability to obtain successful ignitions. Ignitions were obtained down to an igniter body temperature 
of approximately 260 R with a 10 torr backpressure. The data obtained is also being used to anchor a CFD 
based igniter model. 


Nomenclature 


light ignition obtained 

O/F oxidizer to fuel ratio 

P cpi igniter chamber pressure prior to ignition 

Ppinj pressure measured downstream of the fuel valve 

P Fin i pressure measured at the inlet of the fuel valve 

P oinj pressure measured downstream of the oxidizer valve 

P oini pressure measured at the inlet of the oxidizer valve 

Pptnk pressure in the fuel run tank 

P otnk pressure in the oxidizer run tank 

SPS sparks per second 

T b igniter body temperature 

Tpinj temperature measured downstream of the fuel valve 
Tpini temperature measured at the inlet of the fuel valve 
T 0 inj temperature measured downstream of the oxidizer valve 
Tom temperature measured at the inlet of the oxidizer valve 

W C h 4 flowrate of methane 

W 0 2 flowrate of oxygen 

head flow through the injection elements excluding the internal cooling flow 
pilot the reduced flowrates upon the valve first opening 
main the final flowrates during a test 
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Introduction 


The LOX/methane propellant combination is being considered for the Lunar Surface Access Module 
ascent main engine propulsion system. The LOX/methane propellant combination is being considered for 
a variety of reasons. This propellant combination would replace toxic propellants that may pose an 
operational challenge near a lunar base. Use of this propellant combination for lunar ascent would provide 
operational experience relevant to its use on other planetary bodies where it may be produced from 
indigenous materials. The proposed switch from the hypergolic propellants used in the Apollo lunar 
ascent engine to LOX/methane propellants requires the development of igniters capable of highly reliable 
performance in a lunar surface environment. There has been a flurry of recent activities (ref. 1) to develop 
such igniters in industry, academia, and at government laboratories. An ignition test program was 
conducted at the NASA Glenn Research Center (GRC) that used an in-house designed LOX/methane 
spark torch igniter and the vacuum test facilities in Cell 21 of the Research Combustion Laboratory 
(RCL) at GRC. 


Igniter Hardware 

The igniter was a three piece modular design consisting of a head end, a chamber section, and a fuel 
coolant sleeve as shown in figures 1, 2, and 3. At the top of the igniter head end, are the propellant inlets 
to which the valve offsets were attached. The valve offsets were small tubes attached to the valves at one 
end and threaded into the igniter head at the other end. The valve offsets were instrumented with a 
thermocouple inserted into the flow as well as pressure transducer located on a tube brazed into the offset. 
The oxygen propellant inlet (on the left in figure 1) feeds a ring manifold with five petals. Four petals of 
this oxygen manifold each feed a canted impinging injection element that injects oxygen through the top 
face of the igniter. The methane propellant inlet (on the right in figure 1) feeds a ring manifold running 
behind the chamber wall at the head end of the igniter. The methane manifold feeds four canted 
impinging injection elements as well as four tangential inlets (the tear shaped surfaces in figure 1) to swirl 
the interior coolant flow. The methane injection elements inject through the side of the chamber wall and 
are located between the oxygen elements on the face. The flow split between the methane injection 
elements and the swirled internal cooling flow is controlled by the relative flow areas of these passages 
and is fixed. Additional cooling was provided by a separately controlled methane flow that was directed 
down between the exterior of the igniter tube and the interior of the coolant sleeve. 

A low tension sparkplug was used to ignite the propellants. The sparkplug was mounted in the center 
of the igniter and for most tests was flush with the top face of the igniter. A variable spark energy (0.007- 
0.55 J) and sparkrate (to 196 SPS) exciter was used to fire the sparkplug. 

Igniter body temperatures were measured by two spring loaded thermocouples mounted in taps on the 
sides of the igniter. Small tubes were used to mount the valves to the igniter head. These tubes offset the 
valves from the igniter body to permit the installation of a pressure tap and thermocouple to measure 
propellant temperatures and pressures downstream of the valve. Propellant flowrates were measured by 
differential pressure measurements across a calibrated orifice as well as by a turbine flowmeter. 


Facility Description 

The LOX/LCH4 igniter was tested at the NASA Glenn Research Center (GRC) in RCL-21, which is 
an altitude test stand used for testing low thrust class rockets. The igniter mounted on the test stand in 
RCL-21 with the ejector can pulled back is shown in figure 4. The altitude is maintained by an air driven 
ejector train capable of simulating 95,000 ft (10 torr or 0.2 psia). A laboratory propellant feed system 
capable of supporting cryogenic propellants was used. This feed system condensed gaseous oxygen and 
gaseous methane in small propellant tanks using a liquid nitrogen cooling system. The liquid nitrogen 
lines also traced the propellant lines from the tank to the igniter inlet valves to help ensure the propellants 
remained in a liquid state up to the igniter manifold. Control relays cycled the liquid nitrogen on and off 
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to each circuit based on the desired tank temperature (90 K for the liquid oxygen, 1 12 K for the liquid 
methane). Each bottle held about 2 liters of propellant. The liquid propellants were pressurized by the 
regulated gaseous propellant feed system with pressures up to 2760 kPa (400 psia). Tests were initiated 
by a programmable logic controller which triggered a sparkplug controller to time the valves and spark. 
Figure 5 shows a successful ignition test recorded on video by use of a window and mirror arrangement in 
the ejector can. For most of the cold body igniter tests the hardware was chilled by flowing (“burping”) 
propellant through the igniter. For a few of the coldest test cases it was necessary to utilize a liquid 
nitrogen flow loop (fig. 6) to further chill the hardware. 

Igniter Modeling 

The National Combustor Code (NCC) (ref. 2) was used to perform unsteady simulations of the 
ignition process in the GRC main engine igniter. The NCC is a state-of-the-art computational tool which 
is capable of solving the time-dependent, Navier-Stokes equations with chemical reactions. The NCC is 
being developed primarily at GRC in order to support combustion simulations for a wide range of 
applications, and has been extensively validated and tested for low-speed chemically reacting flows. 

Second-order accurate central-differences are used for the inviscid and viscous flux discretizations, 
and a Jameson operator (a blend of 2nd and 4th-order dissipation terms) is used to maintain numerical 
stability. In order to enhance convergence acceleration in pseudo-time, implicit residual smoothing is 
used to smooth the computed residuals. Dual time-stepping is used to obtain second-order time-accuracy 
for time-accurate simulations. 

Turbulence closure is obtained by a low-Reynolds number two-equation k-e model. A finite-rate 
chemistry model is used to compute the species source-terms for methane/oxygen chemistry. The 
chemistry model incorporates 9 species and 7 chemical reaction steps and is detailed in table 1. The 
model is based on the Sandia National Fab ID flame methane/air kinetics model (ref. 3) with the 
reactions involving nitrogen as a species removed. The Peng-Robinson equation of state is used to 
calculate thermodynamic quantities. 

A three-dimensional grid of the igniter flowpath was developed (fig. 7). The flowpath modeled the 
igniter geometry downstream of the valves and included the drills to the fuel and oxidizer manifolds. The 
fuel manifold is the annular structure surrounding the top of the igniter. The oxidizer manifold is the 
annular ring with five petals on the top surface of the igniter. The fuel and oxidizer injection elements, the 
tangential fuel cooling inlets, the combustion chamber, and exhaust tube are modeled as well. 

In a typical simulation propellants are blown down the igniter until methane reaches the end of the 
exhaust tube. Energy equivalent to the spark used in the tests is then deposited in a region corresponding 
to the tip of the sparkplug. The dimensions of this region are an approximation of the spark region 
observed from video of the plug firing. The simulation is then continued until either the flame progresses 
down the exhaust tube or the flame is observed to go out. 

Experimental Test Results 

A series of tests were conducted with the GRC igniter design to find the ignition boundaries of 
FOX/methane ignition in simulated lunar conditions (i.e., vacuum and cold soaked hardware) and provide 
data to develop CFD based methane igniter models. 

The first test series explored the ignition boundaries without the effects of cold soaking the igniter 
hardware. This test series utilized gaseous propellants and were conducted with 10 torr backpressures. 

The tests had a long blow down duration (-250 ms) to establish a steady flowfield in the igniter before the 
sparkplug was fired. This also allowed a steady state condition to be used to model the initial flowfield in 
the igniter. The tests also had a significant duration (-300 ms) after ignition. A typical propellant valve 
and sparkplug timing sequence is shown schematically in figure 8. The flowrates for these ignition tests 
ranged from 0.008 to 0.12 lb/s for both propellants. Typical operating parameters for these tests are 
provided in table 2. The inlet conditions in tables 2 and 3. (T 0 mi, T Fin i, P 0 mi, PFini) are measured upstream of 
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the propellant valves. The injection conditions in tables 2 and 3. (T 0 i n j, T Fin j, P 0 i n j, PFinj) are measured on 
the valve offsets just down stream of the valves. The valve offsets are small instrumented tubes between 
the outlet of the propellant valves and the inlets on the igniter head. Typically if ignition occurred, it 
occurred on the first pulse of the sparkplug. Ignition was confirmed visually (fig. 5), with a thermocouple 
in the exhaust, and by the rise in igniter chamber pressure. In figure 9, successful ignition tests are 
indicated by a red ‘Y’ and a test without a successful ignition test is indicated by a blue ‘N\ Not 
surprisingly, the ignition boundary occurs at fuel rich conditions (fig. 9 and table 2) with ignition failures 
starting to occur at mixture ratios of 1.57. 

More insight can be gained into the ignition boundary observed experimentally by looking at the 
results of the CFD simulations. Simulations were carried out for two tests (run 1204 and run 1205) that 
straddle the ignition boundary for the warm igniter tests observed in figure 9. The propellant flowrates for 
test 1204 were 0.038 lb/s of methane and 0.041 lb/s of oxygen. The propellant flowrates for test 1205 
were 0.0199 lb/s of methane and 0.0081 lb/s of oxygen. The overall mixture ratio (including the swirled 
cooling flow) is 1.08 for test 1204 and 0.4 for test 1205. A head end mixture ratio can be calculated with 
just the injection element propellant flows near the igniter head end and neglecting the swirled internal 
methane cooling flow. The flow split between the injection element methane and the swirled cooling 
methane is determined based on the difference in flow areas. This head end mixture ratio may be more 
representative of the mixture ratio in the spark region. For test 1204 this head end mixture ratio is 1.8 and 
for test 1205 it is 0.668. The igniter body temperature for tests 1204 and 1205 was 491 R. As shown in 
figures 10 and 1 1, the model correctly captures the ignition in test 1204 and the extinguishment of test 
1205. For test 1204 (fig. 10), the flame rapidly spreads throughout the igniter chamber, remains anchored 
at the face, and exits the igniter tube. As shown in figure 1 1, the temperature contours show an ignition 
kernel forms near the spark region and is then pinched off and extinguished as it moves downstream for 
test 1205 that did not achieve a successful ignition. This would be consistent with the head end (spark 
region) mixture ratio for test 1205 being above the flammability limit but falling below the flammable 
mixture ratio as some of the internal cooling methane begins to be mixed in. 

Computed mixture ratio profiles at 1.5, 3.0, and 4.5 mm respectively downstream of the igniter face 
(within the axial extent of the spark region) for tests 1204 and 1205 are shown in figure 12. These profiles 
are shown after propellant blowdown has been completed but before a spark has been introduced into the 
simulation. It is clear in figure 12 that the mixture ratios, range of mixture ratios, and the physical extent 
of oxygen rich areas are all smaller for test 1205 which did not light. 

The next test series explored the effect of having cold igniter hardware on the ability to ignite. 
Although a flight ignition system may employ an igniter body heater, the cold igniter testing was 
performed to gauge how much heating must be provided and to see how well the igniter would perform in 
the absence of a heater. Typically, in a sweep of igniter body temperatures the propellant tank pressures 
were set to produce the desired range of propellant flowrates. The igniter body was then chilled by cold 
flowing each propellant circuit sequentially through the igniter injection and cooling elements and 
exhausting into the vacuum can. When the target igniter body temperature was obtained (as measured by 
two spring loaded thermocouples attached to the igniter) an ignition test was conducted. For some of the 
coldest igniter body temperatures tested, a coil was used to flow liquid nitrogen around the exterior of the 
igniter for further chilling. These tests used a more conventional timing sequence with the spark plug 
being fired within milliseconds of the propellant valves being commanded to open (fig. 13). The spark 
energy for these tests was typically 250 mJ at 153 sparks per second (SPS). The valve sequence provided 
a smaller pilot flow for both propellants before the main igniter flow was obtained. A typical oxygen 
propellant flowrate time history is shown in figure 14. Table 3 provides typical operating conditions for 
the cold igniter body tests. The mixture ratios provided in table 3 are for both the pilot flow at valve 
opening and the main flowrates achieved during a run. For both the main and pilot flows, a head end 
mixture ratio which is based solely on injection element flows (neglecting the internal methane coolant 
flow) is provided. For test runs 1634 through 1639, a comparison of the inlet conditions in table 3 and the 
saturation conditions for both methane and oxygen provided in table 4 show that the propellants at the 
valve inlets were liquid. The injection conditions (downstream of the valves) show that the propellants 
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quickly flash upon seeing the low backpressure (approximately 10 torr) maintained on the igniter. Tests 
1634 through 1639, with liquid propellants at the valves, were all successful ignitions. The lowest igniter 
body temperatures at which ignition could be obtained for the cases with liquid propellants at the valve 
inlets is higher than those tests with cold gas at the valve inlets ((194 K (349 R) versus 156K (280 R) in 
table 3.)) By varying tank set pressures (and thus total flowrates, mixture ratios, and propellant quality, 
figure 15), ignition could be obtained at progressively lower igniter body temperatures. 

The results of CFD simulations of tests 1602 and 1603 which straddle the cold igniter body ignition 
boundary are shown in figures 16 and 17. In these simulations, the appropriate igniter wall temperature 
was imposed as a boundary condition. The temperature contour plots for test 1603 (fig. 17) show an 
ignition kernel forming and getting pinched off. This is similar to the results for test 1205 (fig. 11) which 
did not ignite with a warm igniter body. The results for the successful cold body ignition case, tests 1602, 
show that the ignition kernel does not propagate to the igniter walls in the manner that a successful warm 
body ignition test does (fig. 10). Axial mixture ratio profiles for tests 1603 and 1604 (fig. 18) show a 
similar reduction in mixture ratio and oxidizer rich regions near the spark region as those computed for 
the warm igniter body boundary (fig. 12). The reduction in mixture ratio for the test in which no ignition 
was obtained for the cold body does not appear to be quite as severe as the case for which no ignition was 
achieved with a warm igniter body (test 1205, figure 12). A look at the axial temperature profiles for the 
cold igniter body test cases in the spark region (fig. 19), shows that the successful ignition case (test 
1603) appears to be insulated from the cold walls and cooling flows by a region of relatively warmer gas. 

Test series with the same operating set conditions were performed to gauge the effect of a particular 
operating parameter (i.e., spark plug power, etc.) on the cold igniter wall ignition characteristics. The 
results for each parameter investigated are presented below. 

Sparkplug Power 

The power delivered to the sparkplug was varied by fixing the sparkrate at 153 SPS and varying the 
energy per spark. This resulted in power settings of 6.12 W at 40 mJ/spark, 10.71 W at 70 mJ/spark, 

22.95 W at 150 mJ/spark, and 39.78 W at 260 mJ/spark respectively. Ignition tests at various igniter body 
temperatures at fixed tank set pressures were conducted. There does not appear to be a significant change 
in the ability to ignite except possibly below 10 W. Below a power of 10 W, the ability to ignite at the 
coldest igniter body temperatures may begin to be affected (fig. 20). 

Energy Per Spark 

The power delivered to the spark plug was held constant at approximately 33 W and the energy per 
spark and sparkrate were adjusted. There does not appear to be a significant change in the ability to ignite 
until the lower bound of spark energy tested, 17 mJ, is approached (fig. 21). 

Sparkplug Recess 

For the majority of the tests with this igniter, the face of the sparkplug was flush with the top surface 
of the igniter chamber (no recess) as shown in figure 1 . A series of tests were run with the sparkplug 
shimmed back so that the tip of sparkplug was recessed approximately 0.0038 m (0.15 in.) behind the top 
surface of the igniter chamber. Ignition tests at various igniter body temperatures at fixed tank set 
pressures were conducted. These tests were at similar operating points to tests conducted when the 
sparkplug was not recessed. As shown in figure 22, recessing the sparkplug significantly degraded the 
igniter body temperature threshold at which successful ignitions could be obtained. It is theorized that the 
walls of the recessed region provided additional surface area to quench the spark kernel. 
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Fuel Purity 

The sensitivity of ignition to the purity of the methane at these operating conditions was explored. 
Most of the tests documented in this report used methane with less than 100 ppm concentrations of 
ethane, propane, and nitrogen. Ignition tests were conducted with methane with greater impurities 
consisting of concentrations of 4990 ppm ethane, 3060 ppm propane, and 3010 ppm nitrogen these tests 
duplicated operating conditions tested for the pure methane in which igniter body temperature was 
ramped downward at three different tank set pressures. There was no significant change in the ability to 
ignite (fig. 23). 


Nozzle 

To simulate the rise in chamber pressure as propellants flow into the main engine during a start-up 
sequence, a small chamber with a 0.15 in diameter nozzle was placed on the back of the igniter hardware. 

The small copper chamber and nozzle mounted to the igniter can be seen in figure 6. Ignition tests at 
three tank set pressures were conducted at altitude. The ignition boundary for these tests is shown in 
figure 24. A comparison of figure 24 and 15 shows an increase in the cold igniter boundary temperatures 
particularly at the lower tank set pressures. This may be due to increased heat loss to the walls as effective 
igniter chamber pressure is increased. 


Summary 

The fuel rich boundary for an impinging element, LOX/methane spark torch igniter at altitude was 
determined experimentally. The fuel rich ignition boundary was determined with a cold igniter body at 
altitude. The effects of energy per spark, sparkplug power, spark plug recess, and methane purity on this 
ignition boundary were determined. Three-dimensional, transient CFD simulations of the igniter were 
performed and compared to test results. 
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TABLE 1.— Q 2 /CH 4 CHEMICAL KINETICS MODEL 


No. 

Reaction 

A 

n 

E | 

1 

CH 4 + 20 2 <=> C0 2 + 2H 2 0 

6.70E+1 1 

0.0 

48400.0 

2 

h 2 + 0 2 <=> H 2 0 + O 

5.00E+12 

1.0 

4.80E+4 

3 

H 2 + O <=> H + OH 

2.50E+14 

0.00 

6.00E+3 

4 

H + 0 2 <=> O + OH 

4.00E+14 

0.00 

1.80E+4 

5 

CO + OH <=> C0 2 + H 

1.51E+07 

1.28 

-7.58E+2 

6 

0 2 + H 2 0 <=> 20 + H 2 0 

5.00E+18 

0.00 

1.12E+5 

7 

CO + H 2 0 <=> C0 2 + h 2 

5.50E+04 

1.28 

-1.00E+3 


NAS A/TM— 2008-2 1 542 1 


6 



TABLE 2(a).— STEADY FLOW IGNITION OPERATING CONDITIONS 
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TABLE 3(b).— TYPICAL COLD IGNITER BODY IGNITION TEST PARAMETERS 
. [English] 
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TABLE 4(a).— SATURATION PROPERTIES OF OXYGEN AND METHANE AT IGNITER TEST CONDITIONS 
[Metric] 


Oxygen 

Methane 

Pressure, 

(MPa) 

T (saturation) °K 

Pressure, 

(MPa) 

T(saturation) °K 

0.52 

109.3 

0.45 

133.4 

0.62 

111.9 

0.58 

138.3 

0.93 

118.4 

0.76 

143.3 


TABLE 4(b).— SATURATION PROPERTIES OF OXYGEN AND METHANE AT IGNITER TEST CONDITIONS 
[English] 


Oxygen 

Methane 

Pressure, 

T (saturation) R 

Pressure, 

T( saturation) R 

(psia) 


(psia) 


75 

196.7 

65 

240.1 

90 

201.5 

85 

248.9 

135 

213.1 

110 

258.0 
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Figure 1 . — Cross section of igniter assembly. 



Figure 2. — From right, igniter head end, 
chamber with center flame tube and 
pressure port attached, and coolant 
sleeve. 
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Figure 4. — Igniter mounted on the test Stand 
in RCL Cell 21 with ejector can pulled back. 


Figure 5. — Successful igniter test in ejector can. 



Figure 6. — Igniter with copper nitrogen cooling loop 
installed. 



Figure 7. — 3D computational mesh of igniter geometry. 
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Figure 8. — Timing sequence for long, “steady state” tests. 


11 F 

10 - 

9 - 

8 - 

7 - 

6 - 

5 - 

4 - 

3 - 

2 - 

1 - 


Y Y Y Y 


Y Y Y 


Y Y 


0 

1140 


Y y Y 

ynnyyy 

II I I II I I II I i I I I II I 


y n” y 


I 11 I I I I I I I I I I I 


1145 1150 1155 1160 1165 1170 1175 
Run number 


Figure 9. — Ignition boundaries for long duration 
runs with gaseous propellants and a warm 
igniter body. 
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T(R) 300 800 1300 1800 2300 2800 3300 3800 4300 4800 5300 5800 


Figure 10. — Transient simulation of test 1204 a successful ignition test (warm igniter body). 



T(R) 300 800 1300 1800 2300 2800 3300 3800 4300 4800 5300 5800 


Figure 11. — Transient simulation of test 1205 (warm igniter body) no ignition. 
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Figure 12. — Comparison of mixture ratio profiles downstream of igniter face in spark region. 
Successful ignition test 1204 (shown on top) and test 1205 without ignition (shown on the 
bottom). 
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Figure 13. — Igniter timing for short, “normal” ignition test. 
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Time (s) 

Figure 14. — Typical oxidizer propellant time history. 



Figure 15. — Cold igniter body ignition boundaries. 


NAS A/TM— 2008-2 1 542 1 


17 



T(R) 300 800 1300 1800 2300 2800 3300 3800 4300 4800 5300 5800 

Figure 16. — Transient simulation of test 1602 a successful ignition (cold igniter body). 



T(R) 300 800 1300 1800 2300 2800 3300 3800 4300 4800 5300 5800 

Figure 17. — Transient simulation of test 1603 (cold igniter body) no ignition. 
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Figure 18. — A comparison of mixture ratio profiles just downstream of the igniter face in 
the spark region for successful ignition test 1603 (top) and test 1604 with no ignition. 
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Figure 19. — A comparison of temperature profiles just downstream of the igniter face in 
the spark region for successful ignition test 1603 (top) and test 1604 with no ignition. 
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Figure 20. — Cold body ignition boundary versus 
sparkplug power. 



Figure 22. — The effect of sparkplug recess on 
ignition boundaries. 
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Figure 21 . — Cold body ignition boundary for various 
spark energies. 



Figure 23. — The effect of methane purity on ignition 
boundaries. 
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Figure 24. — Cold igniter boundary with chamber/nozzle 
attached to igniter. 
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